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Abstract 
Cytokinins are N6-substituted a enine derivatives that function as essential growth hormones in higher plants. In experimental 
systems, cytokinins can influence cell growth and differentiation among both plant and non-plant issues. The single-celled yeast, 
Saccharomyces cerevisiae, has served as an effective and useful model system for the study of a wide range of cellular phenomena 
generally associated with higher eukaryotes, including mammals. In an attempt to assess the efficacy of its use to dissect he molecular 
basis for plant hormone action, the effects of cytokinins on S. cereoisiae with respect to cell division rates and sporulation efficiencies 
were monitored. While none of the cytokinins tested influenced mitotic generation times, micromolar concentrations of kinetin enhanced 
the formation of yeast haploid ascospores and even lower concentrations of isopentenyladenine inhibited ascus formation. 
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1. Introduction 
Cytokinins are a collection of naturally occurring, N 6- 
subst i tuted Ade derivatives that promote plant cell division 
and influence a broad range of physiological responses in 
plants, including root, stem, and bud development, flower- 
ing, and senescence [1-4]. In addition, plant pathogens 
including Agrobacterium tumefaciens, Pseudomonas 
savastanoi, and Corynebacterium fascians possess plas- 
mid encoded cytokinin biosynthetic genes whose expres- 
sion leads to the infectious transformation f plant tissue 
[5]. Cytokinin derivatives are also present as modified 
nucleotides in prokaryotic and eukaryotic tRNA's, but the 
function and synthesis of tRNA-associated cytokinins are 
apparently unrelated to the observed physiological changes 
induced by 'free' cytokinins [6,7]. Despite nearly 40 years 
of study, cytokinins have revealed virtually nothing about 
the mechanisms that mediate the large collection of re- 
ported responses of and effects on plants and plant tissue 
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[1,6,8]. In addition, interpretations of experimental obser- 
vations have been limited because the manipulation of 
endogenous cytokinin levels has not been feasible until 
recently [6]. In most studies, cytokinins were applied to 
plant organs or cultured tissues [1,3]. The fact that exoge- 
nous cytokinins timulate cell division and nucleotide syn- 
thesis, and activate the expression of specific genes in a 
variety of plants and cultured plant tissue is well docu- 
mented [2,3,6,9]. Cytokinins have also been shown to 
promote cell division and activate DNA replication, tran- 
scription, and protein synthesis in mammalian cells [10- 
12]. However, with the exception of higher plants, only the 
yeasts Saccharomyces cerevisiae and Schizosaccha- 
romyces pombe have been shown to contain tRNA-inde- 
pendent, free cytokinins [13]. No functional role for free 
cytokinins in yeast has been determined. 
The relationships between cytokinins and potential sig- 
nal transducers in higher plants, such as Ca 2÷, phospha- 
tidylinositol, and cAMP, are also largely unknown [9,14- 
18]. A relationship between cytokinins and cell-cycle re- 
lated events is suggested by observations that cytokinin 
levels peak during mitosis in synchronized cultured to- 
bacco cells [19], and that cytokinins are necessary for the 
activation of a cell cycle-specific protein kinase in tobacco 
tissue [20]. In mammals, an i6Ade-associated, cell-cycle 
regulated protein was detected in Chinese hamster ovary 
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cells [21]. Cytokinin binding proteins have been reported 
[22-27], and one, CBP in wheat germ, is phosphorylated 
by a wheat germ protein kinase [28]. However, the rela- 
tionship between these binding proteins and cytokinin 
function remains unclear because the dissociation con- 
stants are generally orders of magnitude greater than the 
observed levels of free cytokinins [6]. 
In S. cerevisiae, many of the genes and gene products 
that control cell cycle events and developmental processes 
have been characterized [29,30]. These include genes cod- 
ing for adenylate cyclase, cAMP-dependent protein ki- 
nases, and cAMP-independent kinases [29,30]. Yeast 
sporulation is a developmentally regulated response to 
environmental conditions that leads to the production of 
haploid ascospores. In the laboratory, a~ a diploids can 
be induced to sporulate in nitrogen-poor medium contain- 
ing a non-fermentable carbon source [31]. We examined 
the effects of a number of cytokinins On cell division and 
sporulation to ascertain the possible function of cytokinins 
in yeast, and to evaluate the efficacy of adopting S. 
cerevis iae as a model system for analyzing cytokinin- 
mediated events in plants. 
2. Materials and methods 
2.1. Strains 
Table 1 lists the Saccharomyces  cerevis iae strains used 
in this study. Diploid strain 1800 was created by mating 
two standard wild-type strains: D273-10B [32] and FL100 
[33], and physically isolating zygotes by micromanipula- 
tion [31]. Diploid strain 1810 was created by mating 
X2181-1A and C18-14C, and recovering diploids by com- 
plementation [31] from minimal SD medium composed of 
2% D-glucose and 0.67% Bacto-Yeast Nitrogen Base. 
2.2. Cel l  d iv is ion rate 
with i6Ade, f6Ade, zeatin, N6-benzyladenine or Ade at 
concentrations ranging from 0.1 /zM to 1 mM. Cytokinin 
stock solutions were made by dissolving the Ade deriva- 
tives in DMSO. The DMSO concentration i  all cultures, 
including those for the sporulation experiments, was ad- 
justed to 0.2% (w/v). The cultures were vigorously shaken 
at 30°C and cell density was measured at 625 nm at 1 h 
intervals until stationary phase was reached. To correct for 
the non-linear elationship between light scatter and cell 
density at higher absorbance readings, cultures were di- 
luted as necessary to achieve final spectrophotometric 
readings below 0.7. All generation times were based on 
three to six replicates for each culture. 
2.3. Sporulat ion f requency  
Diploid strains were cultured in 25 ml of YPA medium 
containing 1% Bacto-Yeast Extract, 2% Bacto-Peptone, 
and 1% potassium acetate to a final A625 of 3.0 to 4.0. 
One A625 unit of each was diluted to 10 ml in water and 
centrifuged at7000 × g for 5 min. The pellets were washed 
with an additional 10 ml of water, recentrifuged, and 
resuspended in 5 ml of cytokinin-supplemented sporulation 
media containing 0.25% Bacto-Yeast Extract, 0.1% D-glu- 
cose, 2% potassium acetate, and 0.2% DMSO. The cy- 
tokinin supplements were i6Ade and f6Ade, and were 
present at concentrations ranging from 0.1 to 100 /xM. 
Cultures were vigorously shaken at 30 ° C. For sporulation 
on solid media, 100 /zl aliquots of each suspension were 
transferred to sporulation plates containing 2% Bacto-agar 
and cytokinin concentrations corresponding to the liquid 
cultures. 
For each culture, between 500 and 525 cells were 
visually inspected under 400 x magnification. To avoid 
counting aggregated pairs of unsporulated vegetative cells, 
only 3- and 4-celled asci were recorded. All samples were 
run in triplicate. 
A 50 ml culture of strain D273-10B was incubated 
overnight at 30°C in SD medium. 1 ml aliquots of the 
culture were transferred to silanized 250 ml Erlenmeyer 
flasks containing 50 ml of fresh SD medium supplemented 
2.4. Stat ist ics 
Statistically significant differences between paired data 
sets were assessed using two sample t-tests. 
Table 1 
S. cerevisiae strains 
Strain Genotype Reference 
D273-10B a 32 
FL100 t~ 33 
1800 a/a  This paper 
X2181-1A a his2 gall trpl adel YGSC a 
C18-14C ct his7 ade2 ural lys2 tyrl gal2 YGSC a 
1810 ahis2 + gall + trpladel + + + + This paper 
t~ + his7 + gal2 + + ade2lys2tyrlural 
a Yeast Genetics Stock Center, Berkeley, CA. 
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3. Results and discussion 70 
The generation times of the wild-type haploid strain 
D273-10B on SD mediunnt and SD media supplemented 
with Ade or cytokinins from 100 nM to 10 mM ranged 
from 108 to 119 min. There were no significant differences 
among the doubling rates of these cultures at the P = 0.5 
level. There were also no clifferences among the densities 
at which cultures entered stationary phase. 
Asci and unsporulated cells from a wild-type (1800) 
and a multiply marked (1810) diploid were counted after 
36 and 72 h on supplemented sporulation media. The 
results obtained for both diploid strains after 36 h on liquid 
and solid sporulation media varied considerably among 
replicates and were not analyzed further. 
At the end of 72 h in liquid media (Fig. 1), the 
percentage of asci for the wild-type diploid, 1800, ranged 
between 38 and 50%. At 72 h, sporulation frequencies on 
liquid medium supplemented with Ade did not differ sig- 
nificantly from those on unsupplemented medium (P  val- 
ues > 0.15), nor did sporulation frequencies in the pres- 
ence of i6Ade differ from those on equivalent concentra- 
tions of Ade (P  values > 0.4). However, the percentages 
of asci observed for f6Ade were significantly higher than 
those for Ade at all three concentrations (P  values < 0.05). 
Benzyladenine was also tested and resulted in frequencies 
slightly greater than f6Ade at all three concentrations (data 
not shown). 
Fig. 2 summarizes the 72 h sporulation results for the 
wild-type diploid on solid media. For this diploid, 10 /zM 
f6Ade enhanced sporulation relative to Ade (P  < 0.05). 
100 /xM f6Ade also stimulated sporulation relative to the 
Ade control, but for this pair, P = 0.1, and the difference 
is less significant. There was no significant difference 
between Ade and f6Ade at 1 /zM, nor were there statisti- 
cally significant differences among the sporulation fre- 
quencies on Ade or between any of the Ade plates and the 
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Fig. 2. Sporulation frequencies of strain 1800 on supplemented solid 
sporulation medium, n = 3; bars are _+ S.D. Abbreviations: see Fig. 1. 
unsupplemented control. Of the three i6Ade concentrations, 
100 /zM i6Ade inhibited sporulation relative to the 100 
/zM Ade control (P  < 0.05). The differences between 
i6Ade and Ade at the other two concentrations were not 
significant (P  values > 0.2). 
To assess whether these effects were unique to the 
strain being tested, strain 1810, a multiply-marked diploid, 
was constructed as described. Fig. 3 summarizes the sporu- 
lation results after 72 h in liquid media. There were no 
significant differences among the sporulation frequencies 
on Ade or between any of the Ade-supplemented cultures 
and the unsupplemented control (P  values > 0.3). Nor 
were there significant differences between the sporulation 
frequencies on 1 and 10 /zM i6Ade supplemented plates 
and those on the corresponding Ade plates (P  values 
> 0.3). However, the inhibition exhibited by 100 /.~M 
i6Ade is marginally significant (P  = 0.09). f6Ade concen- 
trations of 10 and 1 /xM stimulated sporulation 1.6-fold 
and 1.4-fold, respectively (P  values < 0.003). 
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Fig. 1. Sporulation frequencies for strain 1800 in supplemented liquid 
sporulation medium, n = 3; bars are + S.D. Abbreviations: O: unsupple- 
mented; A: Ade; I: i6Ade; K: f6Ade. 
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Fig. 3. Sporulation frequencies of strain 1810 in supplemented liquid 
sporulation medium, n = 3; bars are ___ S.D. Abbreviations: see Fig. 1. 
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Fig. 4. Sporulation frequencies of strain 1810 on supplemented solid 
sporulation medium, n = 3; bars are + S.D. Abbreviations: ee Fig. 1. 
Fig. 4 summarizes the sporulation results on solid 
medium. At 72 h there were no significant differences 
between sporulation on Ade and sporulation on unsupple- 
mented medium (P > 0.3). Sporulation frequencies on 1, 
10 and 100/zM i6Ade were not significantly different than 
the corresponding Ade controls (P values > 0.5). How- 
ever, at 0.1 /zM, i6Ade deafly inhibited sporulation (P < 
0.05). f6Ade stimulated sporulation at all concentrations 
except 100 ~M (P values < 0.05). 
Exogenous cytokinins did not appear to influence the 
rate at which actively growing cells divided, nor did they 
affect the cell density marking the transition to stationary 
phase. This contrasts with previous studies [34,35] that 
reported growth effects with f6Ade. However, both investi- 
gations employed media containing yeast extract, which 
contains significant and possibly variable levels of cy- 
tokinins [13,36], and neither study employed controls to 
evaluate the possibility that growth stimulation resulted 
from metabolism of the added cytokinin. 
f6Ade, a synthetic ytokinin, promoted an increase in 
sporulation frequencies, and these effects were most preva- 
lent at concentrations of 1 and 10 /xM. i6Ade's affect was 
less consistent, although in the three cases where differ- 
ences were noted, i6Ade inhibited sporulation. 
In cultured plant cells and tissues, the cytokinins tested 
induce dose-dependent responses, although the concentra- 
tions required for minimal and optimal responses varied 
[2]. At concentrations above 1 /.~M, applied cytokinins 
generally inhibit the same responses they promote at con- 
centrations below 1 p.M [2]. Our results uggest the same 
pattern, but it is unclear why higher concentrations of
f6Ade did not inhibit sporulation and why i6Ade inhibited 
sporulation only at the extremes of the concentration gradi- 
ent. f6Ade and i6Ade can support the growth of Ade 
auxotrophs [37], suggesting that these two cytokinins can 
gain entry into cells. Our findings do not address the 
question of whether cytokinins may act as extra-cellular 
signals in yeast. 
Yeast meiosis and sporulation are developmentally reg- 
ulated processes that depend on extracellular cues and a 
cascade of intracellular responses, including protein phos- 
phorylation [28,29]. Although the observed changes are not 
dramatic and are not consistently dose-dependent, our data 
suggest hat cytokinins influence some element of this 
chain. The nature of this influence is presently unknown, 
but the availability of S. cerevisiae mutations that affect 
sporulation and the ease with which sporulation-related 
events can be monitored should provide the opportunity to 
more fully characterize the role of cytokinins in yeast and 
possibly higher plants. 
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